INTRODUCTION
============

Myotonic dystrophy type 1 (DM1) is the most common type of muscular dystrophy in adults, with a prevalence of 1 in 8000 (OMIM \#160900). DM1 is caused by a dynamic expansion of non-coding CTG repeats in the 3′ untranslated region (UTR) of the *Dystrophia Myotonica Protein Kinase* gene (*DMPK*) ([@b58-0060184]). In the mutant transcripts, a toxic RNA gain of function of the CUG expansions has been demonstrated ([@b42-0060184]). CUG repeats have the ability to form RNA hairpins that are accumulated into ribonuclear foci ([@b60-0060184]) and sequester a number of RNA-binding factors, including the alternative splicing regulators of the Muscleblind family MBNL1-MBNL3 ([@b45-0060184]; [@b17-0060184]). MBNL1 sequestration disrupts the normal activity of the protein, and results in mis-splicing of a growing number of target transcripts ([@b50-0060184]; [@b15-0060184]). A key role of MBNL1 loss of function in DM1 was originally demonstrated by the generation of *Mbnl1^−/−^* knockout mice, which reproduced the most relevant features of the disease ([@b33-0060184]). Additional support came later from studies in which overexpression of *Mbnl1* in mice carrying expanded CTG repeats reversed DM1-like phenotypes ([@b34-0060184]).

The study of Muscleblind in different organisms has shown that these proteins are predominantly expressed in skeletal muscle and nervous system, where they carry out specific functions during terminal tissue differentiation ([@b8-0060184]; [@b5-0060184]; [@b36-0060184]; [@b63-0060184]; [@b19-0060184]). In the *Drosophila* muscle, ultrastructural studies on *muscleblind* (*mbl*) mutants revealed a compromised organization of the muscle structural unit, the sarcomere, where thick and thin filaments were less ordered and densely packed than in wild-type individuals, and the I-bands and mesh-like matrix of Z-bands were absent, indicative of a hypercontracted state ([@b5-0060184]). In *Caenorhabditis elegans*, RNAi silencing of *muscleblind* also caused a severe disruption of the alignment pattern of the dense bodies, a nematode structure similar to the Z-bands of higher eukaryotic muscles ([@b63-0060184]). Disorganization of the sarcomere and somatic Z-band disruption have also been reported in DM1 patients, with defects that include duplication or splitting of the Z-bands, degeneration of the thin filaments of the I-bands and sarcoplasmic swelling ([@b2-0060184]; [@b38-0060184]). Muscleblind regulates the alternative splicing of transcripts that encode proteins associated with the Z-bands, including *ZASP* or *Tnnt2.* Therefore, its sequestration by the CUG hairpins could trigger the structural abnormalities observed in DM1 muscles ([@b36-0060184]; [@b39-0060184]; [@b50-0060184]; [@b23-0060184]; [@b63-0060184]).

Characteristic mis-splicing events in DM1 are mediated mainly, but not entirely, by MBNL1. CTG expansions also trigger hyperphosphorylation, subcellular mislocalization and stabilization of a second key alternative splicing regulator, CELF1. CELF1 is not sequestered by CUG hairpins. Instead, CELF1-mediated alterations in DM1 models require the presence of *DMPK* ([@b61-0060184]; [@b40-0060184]). The alternative splicing activity of CELF1 has been shown to be antagonistic to the effect of MBNL1, at least on some transcripts ([@b35-0060184]; [@b32-0060184]). Consistently, genetic studies support the idea that specific muscle, eye and cardiac defects characteristic of DM1 can be regarded as *MBNL1* loss-of-function or CELF1 overexpression phenotypes ([@b33-0060184]; [@b29-0060184]; [@b13-0060184]; [@b32-0060184]).

###### TRANSLATIONAL IMPACT

**Clinical issue**

Myotonic dystrophy type 1 (DM1) is a multisystemic disease that affects mainly the muscle and the central nervous system. DM1 is caused by the expansion of an unstable CTG-repeat tract in the 3′ untranslated region (UTR) of the *DMPK* gene. At the RNA level, expanded CUG repeats form a hairpin that sequesters muscleblind-like protein 1 (MBNL1) and other nuclear factors into ribonuclear foci in a manner proportional to the CUG expansion size. Sequestration has been proposed to cause a loss of function of these proteins that in some cases has been linked to defined symptoms. Despite advancing molecular studies on DM1, newly discovered factors continue to add complexity, and several aspects of the pathogenesis are still unclear. A better understanding of the molecular mechanisms altered by CTG repeats, and of their interactions in a living context, is crucial for deciphering the origin of some symptoms of DM1 and to generate appropriate treatments.

**Results**

Here, the authors use a *Drosophila* model of DM1 to identify new genetic components of the CTG toxicity pathway and identify RNA-binding proteins BSF and TBPH as modifiers of the DM1 phenotype. CTG-repeat expression altered the subcellular distribution of both of these proteins in the adult sarcomere. Notably, the *Drosophila* ortholog of MBNL1, Mbl, regulated the subcellular distribution of BSF and TBPH, but not vice versa, indicating that both proteins are downstream of Mbl. BSF and TBPH also modified CTG toxicity in other fly tissues, including the eye and wing, indicating that the effects of these proteins are not exclusive to the muscle sarcomere. Importantly, sarcomeric distribution of *Drosophila* Mbl is reversibly altered by expression of CTG repeats and TBPH silencing rescued the muscle phenotype characteristic of expanded CTG-repeat expression.

**Implications and future directions**

These results define a role for RNA-binding proteins BSF and TBPH in modifying CTG-dependent muscle defects and point out the potential to target them for therapy. Notably, this is the first report to associate BSF and TBPH with DM1 and to identify them as structural components of muscle. These results also emphasize the pathogenic role of sarcomere disorganization in DM1. The description of Mbl localization to the sarcomere of adult *Drosophila* muscles reveals a new function for Mbl, adding to its well-characterized activity as an alternative splicing regulator in the nucleus. Further studies will address whether these proteins are similarly involved in DM1 patients and help to better understand their involvement in the pathogenesis of DM1.

In the past few years, there has been a growing understanding of the complexity of DM1. In addition to splicing dysregulation, changes in gene expression, protein translation, and microRNA metabolism have also been suggested to contribute to DM1 ([@b15-0060184]; [@b21-0060184]; [@b53-0060184]; [@b55-0060184]), indicating that multiple pathways are involved in the disease pathology ([@b58-0060184]). To help identify new components of CTG toxicity, we previously used a fly model that expresses 480 interrupted CTG repeats in an enhancer-suppressor genetic screen of 695 lethal P-element insertion mutant lines, covering ∼5% of the *Drosophila* genome ([@b23-0060184]). This approach identified putative cellular components altered by CTG expansions, such as extracellular matrix proteins, mRNA export factors, apoptosis regulators and chromatin remodeling proteins. Some of these mechanisms were later confirmed by independent groups to be altered in DM1 myotubes and mouse models ([@b15-0060184]; [@b37-0060184]). Here, we have extended this study by using a collection of RNA interference (RNAi) fly lines covering a total of 1215 genes (∼8% of the *Drosophila* genome). This screen allowed the identification of 34 new modifiers of CTG-mediated toxicity. Of these, RNA-binding factors BSF (Bicoid stability factor) and TBPH (TAR-binding protein homolog), which modify phenotypes in eye and wing, were also present in the muscle sarcomere, where their subcellular localization was altered by the expression of CTG expansions or Muscleblind (Mbl) depletion. Therefore, these results contribute to improve our understanding of the factors causing muscle defects in DM1.

RESULTS
=======

A genetic screen identified *bsf* and *TBPH* as dominant modifiers of expanded-CTG toxicity
-------------------------------------------------------------------------------------------

Expression of expanded CTG repeats during the development of the *Drosophila* eye brings about a rough eye phenotype that is sensitive to the genetic dose of a number of factors associated with DM1 ([@b13-0060184]; [@b23-0060184]). To exploit this phenotype in a genetic screen of new dominant modifiers of CTG toxicity, we first generated a recombinant fly line expressing 480 interrupted CTG repeats \[referred to here as i(CTG)480\] in the eye, under the control of the *Glass Multiple Reporter* (*GMR*) promoter *GMR-Gal4 UAS-i(CTG)480*. The rough eye phenotype of these flies was enhanced by coexpression of an RNAi (IR) construct against *mbl* (*UAS-IR-mbl*) generated in our laboratory. This construct was targeted against all *mbl* isoforms and silenced *mbl* gene expression by approximately 50%, equivalent to having one copy of the loss-of-function alleles *mbl^E27^* or *Df(2R)BSC154* ([supplementary material Fig. S1](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009563/-/DC1)). *GMR-Gal4 UAS-i(CTG)480\>UAS-IR-mbl* flies showed ommatidial fusion and smaller and rougher eyes compared with control flies coexpressing i(CTG)480 and the gratuitous GFP reporter \[*GMR-Gal4 UAS-i(CTG)480\>UAS-GFP*\], with occasional appearance of necrotic dots ([Fig. 1A,B](#f1-0060184){ref-type="fig"}).

![***bsf* and *TBPH* modify CTG-induced phenotypes in the *Drosophila* eye and wing.** (A--H) SEM images of *Drosophila* eyes of the indicated genotypes. (A) *GMR-Gal4* driven expression of i(CTG)480 \[*GMR-Gal4 UAS-i(CTG)480\>UAS-GFP*\] in the eye precursors originates small and rough eyes. (B) Silencing of *mbl* in these flies \[*GMR-Gal4 UAS-i(CTG)480\>UAS-IR-mbl*\] enhanced the phenotype (note a necrotic patch; arrowhead). (C) Silencing of *bsf* \[*GMR-Gal4 UAS-i(CTG)480\>UAS-IR-bsf*\] and (D) *TBPH* \[*GMR-Gal4 UAS-i(CTG)480\>UAS-IR-TBPH*\] enhanced and suppressed the phenotype, respectively. (E) External morphology of a normal eye (*yw*). (F) *sev-Gal4* driven expression of *mblC* in the eye precursors (*sev-Gal4 UAS-mblC\>UAS-GFP*) originates mild rough eyes. (G) This phenotype was not modified by silencing of *bsf* (*sev-Gal4 UAS-mblC\>UAS-IR-bsf*), whereas reduction of *TBPH* (*sev-Gal4 UAS-mblC\>UAS-IR-TBPH*) enhanced roughness and originated smaller eyes (H). (I,J) Representative bright field microscopy images of wing morphologies of flies expressing i(CTG)480 \[*vg-Gal4 UAS-i(CTG)480\>UAS-GFP*\], showing the phenotypic variability. (K) *mbl* silencing increased the percentage of flies with altered wing morphology compared with *vg-Gal4 UAS-i(CTG)480* flies, whereas silencing of *bsf* or *TBPH* significantly reduced the number of flies with wing defects. \*\*\**P*\<0.001; \**P*\<0.05.](DMM009563F1){#f1-0060184}

*GMR-Gal4 UAS-i(CTG)480* recombinant flies were then crossed with 1215 RNAi-knockdown fly lines randomly chosen from the NIG-Fly collection. Using the phenotype of *GMR-Gal4 UAS-i(CTG)480\>UAS-GFP* flies as a reference, we identified 202 RNAi lines (16.6% of total tested) that significantly modified the eye phenotype in at least two independent crosses. Of these, 62 suppressed the rough eye phenotype, 127 enhanced it and 13 caused lethality ([Table 1](#t1-0060184){ref-type="table"}; [supplementary material Table S1](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009563/-/DC1)).

###### 

Genetic modifiers of expanded CTG repeat toxicity

![](DMM009563T1)

To rule out suppressors of CTG toxicity that were eye-specific, the 202 modifiers identified were re-tested using a second phenotype caused by expression of i(CTG)480 in the wing, under the control of the *vestigial* (*vg*) promoter \[*vg-Gal4 UAS-i(CTG)480\>UAS-GFP*\]. The expression of expanded CTG repeats in the wing originated a variable phenotype, which was sensitive to temperature changes. At 25°C, ∼100% of the flies had altered wing morphology, ranging from small size and notches to puckered wings ([Fig. 1I,J](#f1-0060184){ref-type="fig"}). At 22°C only 75% of the flies showed wing morphology alterations, and the remaining 25% were completely normal. We crossed our 202 candidate RNAi lines with *vg-Gal4 UAS-i(CTG)480* at 22°C, taking the above percentages for this temperature as our reference phenotype. Of the 202 lines tested, ten significantly increased the percentage of flies with altered wing morphology, whereas 24 reduced it in at least two independent crosses ([Table 1](#t1-0060184){ref-type="table"}; [supplementary material Table S1](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009563/-/DC1)). Among these 34 modifiers, we found transcriptional regulators, including *purine-rich binding protein α* (*Pur-α*), *Lilliputian* (*lilli*), *hyrax* (*hyx*) and *enhancer of yellow 3* \[*e(y)3*\]; structural and cytoskeletal components, such as *Sarcoglycan δ* (*Scgδ*), *capulet* (*capt*), *capping protein α* (*cpa*), *zormin* and *bent* (*bt*); and genes coding for RNA-binding factors *bsf* ([Fig. 1C,K](#f1-0060184){ref-type="fig"}), *TBPH* ([Fig. 1D,K](#f1-0060184){ref-type="fig"}) and *CG10341*. In some cases, the directions of these genetic interactions differed between wing and eye, suggesting the participation of tissue-specific pathways mediating the link of these genes with CTG-dependent toxicity.

*mbl* overexpression phenotype is modified by silencing of RNA-binding proteins TBPH and BSF
--------------------------------------------------------------------------------------------

Because of the demonstrated relevance of RNA-binding proteins in DM1, we decided to focus on this group of modifiers, which was formed by *bsf*, *TBPH* and *CG10341. CG10341* is the *Drosophila* ortholog of human *NAF1*, which is involved in ribosome biogenesis. Such genes tend to be recovered as nonspecific modifiers in genetic screens, and therefore *CG10341* was not prioritized for further analysis. For *bsf* and *TBPH*, two independently generated RNAi lines were used to confirm their genetic interaction with i(CTG)480. In addition, silencing of both genes in the absence of i(CTG)480 did not cause any apparent phenotype, further demonstrating the specificity of their interaction with i(CTG)480 ([supplementary material Fig. S2](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009563/-/DC1)).

We next studied whether a connection between *bsf* or *TBPH* and *mbl* function in the eye existed. *mbl* silencing alleles could not be used, given the lack of an externally visible eye phenotype produced by *mbl* loss-of-function alleles (not shown). However, we previously showed that overexpression of the isoform C of *mbl* (*mblC*) driven by the *sevenless* (*sev*) promoter (*sev-Gal4 UAS-mblC*) resulted in a rough eye phenotype ([@b62-0060184]). Therefore, we tested the ability of *bsf* or *TBPH* to modify the eye defects of the *sev-Gal4 UAS-mblC* flies. Although *bsf* silencing did not modify the *mblC*-induced eye phenotype ([Fig. 1F,G](#f1-0060184){ref-type="fig"}), a reduction of *TBPH* enhanced it, giving a rougher and narrower eye ([Fig. 1F,H](#f1-0060184){ref-type="fig"}). Thus, these results pointed out a link between *bsf* or *TBPH* and *mbl*, which could in turn explain their interaction with i(CTG)480.

*TBPH* silencing suppressed CTG-induced muscle defects
------------------------------------------------------

DM1 is primarily a neuromuscular disease. We therefore studied whether candidate modifiers of i(CTG)480 eye and wing phenotypes could also modify CTG toxicity in the muscle. Previously, our laboratory and others have demonstrated that expression of i(CTG)480 in the *Drosophila* indirect flight muscles (IFMs) under the control of the *Myosin heavy chain* (*Mhc*) promoter, *Mhc-Gal4 UAS-i(CTG)480*, causes muscle defects, including fiber loss and disorganization, that worsened over the course of time and led to flightless flies ([@b13-0060184]; [@b23-0060184]). To study the role of *TBPH* and *bsf* in CTG-induced muscle pathology, we first analyzed changes in the IFM morphology of flies with reduced levels of BSF or TBPH proteins. Quantification of the total muscle area of heterozygous *TBPH^Δ23^* flies (*TBPH^Δ23^/+*), as well as *bsf*- and *TBPH*-silenced flies (*Mhc-Gal4*\>*UAS-IR-bsf* and *Mhc-Gal4*\>*UAS-IR-TBPH*, respectively) did not show significant changes in the IFM total area compared with control flies (*yw* or *Mhc-Gal4*\>*UAS-GFP*; [Fig. 2A--E](#f2-0060184){ref-type="fig"}). However, silencing of *TBPH* in CTG-expressing flies \[*Mhc-Gal4 UAS-i(CTG)480\>UAS-IR-TBPH*\] partially rescued CTG-induced muscle fiber loss, with an increase in total muscle area of ∼15% compared with control flies coexpressing i(CTG)480 and GFP \[*Mhc-Gal4 UAS-i(CTG)480\>UAS-GFP*; [Fig. 2F--J](#f2-0060184){ref-type="fig"}\]. *bsf* silencing caused a variable phenotype with a tendency to enhance the CTG-induced IFM size reduction, although this difference was not significant. These results suggest a role for TBPH in the muscle pathology induced by CTG repeat expression; and indicate that, although *bsf* interacts genetically with i(CTG)480 in other tissues, its silencing is not enough to prevent muscle fiber loss.

![**Silencing of *TBPH* suppressed CTG-induced muscle degeneration.** Dorsoventral sections of resin-embedded adult thoraces showing their IFMs. (AD) The IFM area in control fly thoraces (*Mhc-Gal4\>UAS-GFP*; A) was not significantly altered by silencing of *bsf* (*Mhc-Gal4\>UAS-IR-bsf*; B,E), *TBPH* (*Mhc-Gal4\>UAS-IR-TBPH*; C,E) or by introducing a copy of the mutant *TBPH* allele *TBPH^Δ23^* (*TBPH^Δ23^/+*; D,E). (F--I) Expression of i(CTG)480 under the control of the *Mhc-Gal4* driver \[*Mhc-Gal4 UAS-i(CTG)480\>UAS-GFP*\] caused a phenotype characterized by lower density of myofibrils that resulted in a reduced muscle area (F--J). Silencing of *bsf* \[*Mhc-Gal4 UAS-i(CTG)480\>UAS-IR-bsf*\] weakly enhanced the CTG-induced reduction in total muscle area, although this change was not statistically significant (H,J). *TBPH* silencing, however, rescued the CTG-dependent muscle defects, inducing a significant increase in total muscle area (I,). All graphs show means ± s.e.m. Quantifications shown in E are relative to the control genotype shown in A. Quantifications in J are relative to the wild-type control represented in F. \*\**P*\<0.01.](DMM009563F2){#f2-0060184}

Expanded CTG repeats disrupted TBPH subcellular distribution in the adult muscle
--------------------------------------------------------------------------------

*TBPH*, and its human ortholog *TDP-43*, are mainly expressed in the central nervous system, where they have been widely studied due to the implication of this protein in neurodegenerative disorders ([@b18-0060184]; [@b3-0060184]). However, no detailed information about expression of this protein in muscle has been reported to date. To help understand the role of TBPH in CTG-induced muscle pathology, we first studied its expression pattern in the adult IFMs of control flies (*Mhc\>yw*). Immunostaining of rostrocaudal cryosections of fly thoraces using an anti-TBPH antibody showed a disperse and weak signal for TBPH in the nucleus, and a stronger presence in cytoplasmic bands transversal to the muscle fibers ([Fig. 3A,E--H](#f3-0060184){ref-type="fig"}). Double staining using phalloidin, which detects actin filaments, revealed that TBPH was localized in the sarcomeric H-bands ([Fig. 3A,D](#f3-0060184){ref-type="fig"}). Abolishment of TBPH detection upon *TBPH* silencing (*Mhc-Gal4\>UAS-IR-TBPH*) confirmed the specificity of the antibody signal (see later). Immunodetection of TBPH in recombinant *Mhc-Gal4 UAS-i(CTG)480* flies showed a stronger distribution of TBPH in the nucleus upon CTG expression ([Fig. 3I--L](#f3-0060184){ref-type="fig"}) and a change in the sarcomeric distribution of the protein, which now included the Z-bands ([Fig. 3B,D](#f3-0060184){ref-type="fig"}). This is consistent with current data on the implication of TBPH in other degenerative conditions, in which the distribution of this protein is altered. Importantly, coexpression of i(CTG)480 with human MBNL1 \[*Mhc-Gal4 UAS-i(CTG)480\>UAS-MBNL1*\] rescued the original pattern of the protein, although TBPH nuclear signal was still higher than in the control flies ([Fig. 3C](#f3-0060184){ref-type="fig"}). Moreover, fluorescent in situ hybridization to detect CUG-RNA foci ruled out the possibility that nuclear TBPH colocalizes with RNA aggregates ([Fig. 3I--L](#f3-0060184){ref-type="fig"}).

![**Expression of expanded CTG repeats modifies TBPH localization in the *Drosophila* muscle.** (A--C) Fluorescent confocal images of rostrocaudal cryosections from adult *Drosophila* thoraces stained with an anti-TBPH antibody (green), and counterstained with phalloidin (red). In control flies (Mhc\>*yw*; A) TBPH was detected preferentially in the cytoplasm, as a part of the sarcomeric H-bands. (B) Expression of i(CTG)480 in the muscle \[*Mhc-Gal4 UAS-i(CTG)480*\] enhanced the TBPH signal in the sarcomeric Z-bands. (C) Coexpression of i(CTG)480 with human MBNL1 \[*Mhc-Gal4 UAS-i(CTG)480\>UAS-MBNL1*\] partially rescued the sarcomeric localization of TBPH. (D) Representation of the basic organization of a sarcomere. (E--L) Fluorescent confocal images comparing the subcellular distribution of i(CUG)480 RNA (fluorescent in situ hybridization using a CAG red-labeled probe; E,I) with TBPH protein (green; G,K; see merge in H,L), in control (E--H) and CTG-expressing flies (I--L). Expression of CTG repeats in the muscle caused a marked increase in nuclear TBPH, which did not seem to colocalize with nuclear CUG-RNA foci. Nuclei were counterstained with DAPI (blue; F,J).](DMM009563F3){#f3-0060184}

To investigate whether *TBPH* transcript levels were increased by expression of i(CTG)480, we performed a quantitative RT-PCR (qRT-PCR) analysis from *Mhc-Gal4 i(CTG)480* and *Mhc-Gal4\>UAS-GFP* (control) adult flies. No significant changes were detected compared with controls. Moreover, *TBPH* levels were not modified when i(CTG)480 was coexpressed with human MBNL1 ([Fig. 4A](#f4-0060184){ref-type="fig"}). To assess whether TBPH alternative splicing was altered, we measured the levels of *TBPH* isoforms by qRT-PCR. The *TBPH* gene encodes six transcripts that produce two different TBPH proteins of different sizes (isoform A and isoforms B--F; [Fig. 4B,C](#f4-0060184){ref-type="fig"}). When we measured the levels of different combinations of *TBPH* isoforms, no significant differences were detected when i(CTG)480 was expressed alone or coexpressed with MBNL1 ([Fig. 4B](#f4-0060184){ref-type="fig"}). Thus, the levels of *TBPH* transcripts remain unchanged in the presence of CTG repeats, and the increased nuclear TBPH pattern suggested by our immunodetection experiments might originate from increased protein synthesis or stability, or from a change in the subcellular localization of the protein. To test this, we measured the total levels of TBPH protein by western blot, using two different i(CTG)480 lines. No differences were observed in the amount of TBPH protein compared with controls ([Fig. 4D](#f4-0060184){ref-type="fig"}), ruling out an effect on protein translation or stability. Therefore, our results indicate that TBPH subcellular distribution is altered in the muscle of CTG-expressing flies, and that this mislocalization can be partially rescued by MBNL1.

![**CTG repeats do not affect the levels of *TBPH* transcripts nor *TBPH* alternative splicing.** (A) qRT-PCR analysis of the levels of *TBPH* transcripts showed no differences between control (*Mhc-Gal4 UAS-GFP\>UAS-GFP*) and CTG-expressing flies or flies coexpressing i(CTG)480 and human MBNL1. Expression of a *TBPH* RNAi line (*Mhc-Gal4\>UAS-IR-TBPH;* IR-TBPH column) and heterozygous *TBPH^Δ23^* flies was reduced. Measurements were normalized using the housekeeping gene *Rp49* and are shown relative to the control genotype. (B) qRT-PCR analysis of the alternative splicing of *TBPH* transcripts showed no significant differences between control (*Mhc-Gal4 UAS-GFP\>UAS-GFP*), CTG-expressing \[*Mhc-Gal4 UAS-i(CTG)480\>UAS-GFP*\] and rescued \[*Mhc-Gal4 UAS-i(CTG)480\>UAS-MBNL1* flies. Measurements are shown relative to the levels of *TBPH* constitutive exon 5 and to the housekeeping gene *Rp49*. All graphs show the means + s.e.m. of three biological replicates (*n=*50 flies per replicate) and three technical replicates per biological sample. (C) Representation of the six transcript variants of *TBPH* (*TBPH-A* to *TBPH-F*) taken from Flybase database, indicating the regions that were amplified by the primer pairs used in A and B, in order to measure *TBPH* transcript levels (which comprises a region overlapping constitutive exons 2 and 3) or different *TBPH* isoform combinations. The later included a tract from the 5′ UTR region of *TBPH* transcripts that detected isoforms A and C--E (labeled 5′ UTR 1); a tract from the 5′ UTR region of *TBPH* transcripts that detected isoform C (labeled 5′ UTR 2); and a fragment of the alternative exon 4, which is excluded in the *TBPH* isoform A (labeled alternative exon). (D) Western blot analysis of TBPH protein levels in control flies (*Mhc-Gal4/+* and *Mhc-Gal4\>UAS-LacZ*) and CTG-expressing flies \[*Mhc-Gal4 UAS-i(CTG)480* line A and *Mhc-Gal4 UAS-i(CTG)480* line B\] revealed no significant differences between genotypes. Tubulin was used as the loading control. Graphs show means + s.e.m. from three experimental replicates.](DMM009563F4){#f4-0060184}

Expanded CTG repeats disrupted BSF localization in the adult sarcomere
----------------------------------------------------------------------

Previous works have characterized BSF as a cytoplasmic protein during early embryonic development, whereas a ubiquitous mitochondrial pattern has been described in adult flies ([@b11-0060184]; [@b10-0060184]). Here, an immunohistochemical analysis was also performed for BSF that showed a strong signal in the Z- and H-bands of the IFM sarcomeres, but did not reveal a mitochondrial pattern ([Fig. 5A,D--G](#f5-0060184){ref-type="fig"}). Abolishment of BSF detection upon *bsf* silencing (*Mhc-Gal4\>UAS-IR-bsf*) confirmed the specificity of the signal (see later). These results contrast with the notion that BSF is present exclusively in the mitochondria, as previously described by authors using cell fractioning from whole flies and the same antibody as that used here ([@b41-0060184]; [@b10-0060184]) ([supplementary material Fig. S3](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009563/-/DC1)). As similarly described for TBPH, the BSF distribution in sarcomeric bands was abolished upon CTG expression, whereas the BSF signal in the nucleus was strongly enhanced ([Fig. 5B,D--K](#f5-0060184){ref-type="fig"}), again suggesting a CTG-induced relocalization of BSF from cytoplasm to nucleus. In situ hybridization also confirmed that nuclear BSF did not accumulate into CUG-RNA foci. Finally, coexpression of i(CTG)480 with human MBNL1 \[*Mhc-Gal4 UAS-i(CTG)480\>UAS-MBNL1*\] also rescued the normal distribution of BSF in sarcomeric bands, although the nuclear signal was again more intense than in the controls ([Fig. 5C](#f5-0060184){ref-type="fig"}).

![**Expression of expanded CTG repeats impaired BSF distribution in the *Drosophila* muscle sarcomere.** (A--C) Fluorescent confocal images of rostrocaudal cryosections from adult *Drosophila* thoraces stained with an anti-BSF antibody (green), and counterstained with phalloidin (red). In control flies (Mhc\>*yw*; A) BSF was detected preferentially in the cytoplasm as a constituent part of the sarcomeric bands (see also [Fig. 3C](#f3-0060184){ref-type="fig"}). (B) Expression of i(CTG)480 in the muscle \[*Mhc-Gal4 UAS-i(CTG)480*\] disrupted cytoplasmic BSF signal. (C) Coexpression of i(CTG)480 with human MBNL1 \[*Mhc-Gal4 UAS-i(CTG)480\>UAS-MBNL1*\] partially rescued the sarcomeric localization of BSF. (D--K) Fluorescent confocal images comparing the subcellular distribution of i(CUG)480 RNA (fluorescent in situ hybridization using a CAG red-labeled probe; D,H) with BSF protein (green; F,J; see merge in G,K) in control (D--G) and CTG-expressing flies (H--K). Expression of CTG repeats in the muscle not only abolished cytoplasmic BSF signal, but also enhanced its detection in the nuclei. Nuclear BSF signal did not seem to colocalize with CUG-RNA foci. Nuclei were counterstained with DAPI (blue; E,I).](DMM009563F5){#f5-0060184}

*Drosophila* Mbl is present in the sarcomeric bands of adult fly muscles
------------------------------------------------------------------------

Given the effect of human MBNL1 on BSF and TBPH localization in adult *Drosophila* muscle, we decided to study the subcellular distribution of the endogenous *Drosophila* Mbl protein throughout muscle development. At the time of this study, the Mbl expression pattern had only been described for embryonic stages ([@b5-0060184]). We confirmed the nuclear pattern of Mbl in the embryonic central nervous system, as well as the somatic and visceral musculatures ([Fig. 6A](#f6-0060184){ref-type="fig"} and not shown). In the somatic muscle of third instar larvae, we observed that Mbl was no longer only present in the nucleus, but was also present in the cytoplasm, where it showed a transversal banding distribution ([Fig. 6B](#f6-0060184){ref-type="fig"}). In rostrocaudal sections of adult thoraces, a neat signal with a regular transversal banding pattern spanning throughout the IFM fiber width was observed ([Fig. 6C](#f6-0060184){ref-type="fig"}). Counterstaining of these sections with phalloidin showed that Mbl colocalized with sarcomeric Z-and H-bands ([Fig. 6D](#f6-0060184){ref-type="fig"}). Staining with the pre-immune serum did not reveal any of these patterns (not shown), confirming specificity of the antibody signal. Moreover, we also studied the sarcomeric bands of the IFMs in adult thorax sections from flies overexpressing MblC (*Mhc-Gal4*\>*UAS-mblC*) or silencing *mbl* (*Mhc-Gal4*\>*UAS-IR-mbl*) ([Fig. 6D](#f6-0060184){ref-type="fig"}). When we overexpressed MblC, we detected an increase in the signal intensity, both in the bands (mainly Z-bands) and in the nucleus (not shown), whereas *mbl* silencing abolished all detection of cytoplasmic bands. Finally, simultaneous detection of endogenous Mbl and the GFP signal of a GFP-tagged MblC protein (*Mhc-Gal4\>UAS-MblC:GFP*) confirmed that the MblC isoform is present in sarcomeric Z-bands, but not in the H-bands ([Fig. 6E](#f6-0060184){ref-type="fig"}). Thus, these results demonstrate that Mbl localizes in the sarcomeric bands and also indicate that there is a differential sarcomeric distribution between Mbl protein isoforms. As expected, in situ hybridization confirmed that nuclear Mbl colocalizes with CUG-RNA foci in CTG-expressing flies ([Fig. 6F--M](#f6-0060184){ref-type="fig"}).

![**Sarcomeric distribution of *Drosophila* Mbl is reversibly altered by expression of CTG repeats.** (A--M) Fluorescence images showing staining with anti-Mbl antibody. (A--C) Analysis of the endogenous Mbl expression (green) in the muscle throughout the different stages of development in wild-type individuals. In the embryonic somatic musculature, Mbl expression was restricted to the nucleus (A; compare with cytoplasmic signal of myosin heavy chain protein, MHC, shown in red below). (B) In the larval body wall muscles, Mbl was detected both in the nucleus (counterstained with DAPI in blue) and in cytoplasmic transversal bands. (C) In adults, the nuclear localization of Mbl was almost undetectable and the protein was preferentially detected in cytoplasmic transversal bands. (D) Double staining with anti-Mbl and phalloidin revealed that Mbl was localized in the sarcomeric H- and Z-bands. *mbl* silencing (*Mhc-Gal4\>UAS-IR-mbl*), abolished Mbl signal in the bands, whereas overexpression of *mblC* (*Mhc-Gal4\>UAS-mblC*), increased it mainly in the Z-bands. (E) GFP detection of a MblC:GFP fusion protein (green) coupled with an anti-Mbl antibody (red) confirmed the specificity of the signal in the Z-bands. However, MblC was not detected in the H-bands, suggesting a differential distribution of Mbl protein isoforms within the sarcomere. (F--M) Fluorescent confocal images comparing the subcellular distribution of i(CUG)480 RNA (fluorescent in situ hybridization using a CAG red-labeled probe; F,J) with Mbl protein (green; G,K; see merge in I,M) in control (J--M) and CTG-expressing flies (F--I). Nuclear signal of endogenous Mbl colocalized with CUG-RNA foci in CTG-expressing muscles. Nuclei were counterstained with DAPI (blue; H,L). (D--M) are confocal images using the 100× objective.](DMM009563F6){#f6-0060184}

Depletion of *Drosophila* Mbl mimics the effect of CTG-repeat expression on BSF and TBPH subcellular localization
-----------------------------------------------------------------------------------------------------------------

To assess the potential contribution of endogenous Mbl to the alterations of BSF and TBPH originated by i(CTG)480 expression, we studied the distribution of these proteins in thorax sections of *Mhc-Gal4 UAS-IR-mbl* flies after *mbl* silencing. We observed that Mbl reduction in these flies induced a subcellular redistribution of BSF and TBPH similar to that caused by i(CTG)480. Namely, BSF accumulated in the nucleus and disappeared from the cytoplasm, whereas TBPH signal redistributed to both the nucleus and the Z-bands ([Fig. 7A--C](#f7-0060184){ref-type="fig"}). Neither BSF nor TBPH silencing altered Mbl subcellular distribution in the adult IFMs, indicating that the localization of these proteins is a process that occurs downstream of Mbl ([Fig. 7D,G](#f7-0060184){ref-type="fig"}). Moreover, silencing of either *bsf* or *TBPH* did not affect the protein patterns of the other ([Fig. 7F,H](#f7-0060184){ref-type="fig"}).

![**Mbl is necessary for the localization of BSF and TBPH in sarcomeric bands.** Fluorescent confocal images showing immunodetection of Mbl (A,D,G), BSF (B,E,H) or TBPH (C,F,I) in green, counterstained with phalloidin (red), in adult thoraces upon silencing of *mbl* (*Mhc-Gal4\>-UAS-IR-mbl*; A--C), *bsf* (*Mhc-Gal4\>-UAS-IR-bsf*; D--F) or *TBPH* (*Mhc-Gal4\>-UAS-IR-TBPH*; G--I). Silencing of *mbl* depleted Mbl (A) and BSF (B) from sarcomeric bands as well as increased TBPH in the Z-bands and in the nucleus (C). Neither *bsf* (D--F) nor *TBPH* silencing (G--I) affected the expression of Mbl in the muscle, nor did *TBPH* or *bsf* modify each other's protein localization patterns. Arrowheads point at nuclei.](DMM009563F7){#f7-0060184}

Taken together, our results demonstrate that *Drosophila* Mbl, BSF and TBPH localize in the sarcomere in the adult muscle, and that their distribution patterns are altered by expression of expanded CTG repeats and Mbl depletion.

DISCUSSION
==========

RNAi has proven to be a powerful tool for conducting genetic screens in *Drosophila*. In this study we have used a large collection of RNAi fly lines to identify new modifiers of CTG toxicity. Our findings suggest the existence of previously unidentified components of the pathogenic mechanisms behind DM1. We isolated a number of cytoskeletal components, transcription factors and RNA-binding proteins as modifiers of CTG-induced phenotypes in the eye and wing. Some of these modifiers were the *Amyloid precursor protein* (*APP*)-*like protein interacting protein 1* and *zormin*, the *Drosophila* ortholog of *Titin*, which have been previously associated with DM1 ([@b36-0060184]; [@b14-0060184]); and the transcription factor *Pur-α*, which has been found to bind rCGG repeats in a FXTAS model ([@b31-0060184]). The implication of RNA-binding proteins, including the splicing regulator MBNL1, in DM1 has been demonstrated in animal models and human cells ([@b16-0060184]; [@b36-0060184]; [@b51-0060184]; [@b15-0060184]). For this reason, we focused on two RNA-binding proteins identified in our screen, BSF and TBPH, which have not yet been associated with DM1. In our screening, silencing of *bsf* in *GMR-Gal4 UAS-i(CTG)480* flies enhanced the eye phenotype, whereas *TBPH* suppressed it. However, toxicity of expanded CTG repeats in the wing was rescued by both *bsf* and *TBPH*. The tissue-specific direction of a genetic interaction has been widely reported for other genes ([@b54-0060184]; [@b27-0060184]) and supports the finding that factors involved in CTG toxicity can vary between different contexts. Additionally, the two driver lines used for expression in the eye (*GMR-Gal4*) and wing (*vg-Gal4*) produce different transcript levels, thus originating non-comparable stoichiometric proportions between *bsf* or *TBPH* and the CUG transcripts, which could further contribute to the difference observed between the tissues.

BSF is the homolog of human LRPPRC ([@b59-0060184]; [@b10-0060184]). This protein was originally identified as a post-transcriptional regulator that mediated the stability of the *Drosophila bicoid* (*bcd*) mRNA during oogenesis by binding to RNA structures within the 3′ UTR of the transcripts that resemble the CUG hairpins ([@b41-0060184]). More recently, BSF has been found to have a function in the regulation of mitochondrial gene expression, where its loss of function leads to a reduced activity of enzymes from the respiratory chain ([@b10-0060184]). Interestingly, *Cyp6a17*, a gene also identified as a modifier of CTG toxicity in our screen, has been predicted to have electron carrier activity ([@b44-0060184]). However, in our immunohistochemistry experiments we could not detect BSF in the mitochondria of the adult IFMs, although the protein was localized in the cytoplasm and nucleus ([supplementary material Fig. S3](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009563/-/DC1)). Given that the cell fractionation studies by Bratic and coworkers were carried out using whole fly body extracts, we do not rule out a minor mitochondrial presence of BSF in the IFMs, or a more prevalent mitochondrial role in other tissues.

TDP-43, the human homolog of TBPH, has been widely studied due to its implication in a number of sporadic and inherited neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS) and frontotemporal dementias ([@b46-0060184]; [@b4-0060184]; [@b48-0060184]; [@b26-0060184]; [@b57-0060184]). TDP-43 is a heterogeneous nuclear ribonucleoprotein (hnRNP) that undergoes nucleocytoplasmic shuttling ([@b7-0060184]; [@b63-0060184]; [@b56-0060184]). In the nervous system, upregulation of TDP-43 coupled with protein redistribution to the cytoplasm is recognized as a pathological feature ([@b12-0060184]; [@b46-0060184]). Interestingly, MBNL1 also associates with components of the stress granules ([@b49-0060184]). In our *Drosophila* model, TBPH subcellular localization in the muscle was also altered. However, the change occurred in the opposite direction, with TBPH protein being increased in the nucleus and partially decreased in the cytoplasm. This mislocalization, which suggests a toxic effect of nuclear TBPH accumulation, was not accompanied by changes in the levels of *TBPH* transcripts, mis-splicing events or increased protein levels. Therefore, it is likely that the CTG-induced effect on TBPH occurs at a more downstream level, for example by affecting the transport of *TBPH* mRNAs and/or TBPH protein, or by triggering post-translational modifications that affect protein localization. In our experiments, the subcellular distribution of BSF in the muscle was also altered from exclusively cytoplasmic to mainly nuclear. Both *TBPH* and *bsf* genes interacted with *mblC* overexpression in the eye, and their localization to the muscle sarcomere seemed to be regulated by Mbl, but not vice versa. Human MBNL2 was previously described to mediate *integrin alpha3* transcript localization to the adhesion complexes ([@b1-0060184]). Therefore, it is possible that Mbl could be involved in the subcellular localization of these proteins or their transcripts.

No function in the muscle has been previously described for BSF or TBPH. In this study, TBPH modified CTG-induced muscle fiber loss. Restoration of muscle mass in the adult IFMs by reducing *TBPH* expression suggests a role for this protein in the molecular mechanisms responsible for the muscle pathology characteristic of DM1. Although this rescue was only of ∼15%, a recent work demonstrated that small changes in the number of muscle fibers can trigger big differences in overall muscle strength ([@b47-0060184]). In addition, our laboratory has found that expression of human MBNL1, a key factor in DM1, in CTG-expressing flies can rescue fiber loss in the IFMs by a ∼20% (unpublished results), which closely resembles the rescue achieved by *TBPH* silencing. The subcellular distribution patterns of TBPH and BSF in the muscle indicate that these proteins play a role associated with the muscle sarcomere, which was altered by expanded CTG-repeat expression. We also found a sarcomeric localization for Mbl and a differential isoform distribution, the MblC isoform being exclusive to the Z-bands. BSF not only colocalized with endogenous Mbl in the Z-and H-bands of wild-type fly muscles (not shown), but both proteins also revealed a striking parallelism in their response to CTG-repeat expression, disappearing from the sarcomeric bands and redistributing to the nucleus. MBNL1 overexpression rescued the patterns of both BSF and TBPH proteins in CTG-expressing muscles. Moreover, endogenous *mbl* silencing caused alterations in these proteins that resembled the alterations caused by CTG repeats. These observations support the notion that the CTG-induced effects on BSF and TBPH occur downstream of Mbl sequestration by the CUG hairpins ([supplementary material Fig. S4](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009563/-/DC1)).

Three more sarcomeric proteins were identified in our genetic screen: *zormin*, which encodes the fly ortholog of *Titin*, the splicing of which is altered in DM1 patients ([@b36-0060184]); *bent* (*bt*), which encodes Proyectin, an invertebrate protein with a structure similar to Titin; and *p21-activated kinase 3* (*Pak-3*), whose vertebrate ortholog is localized in the Z-bands. Intriguingly, all these proteins were identified as modifiers of the eye and wing phenotypes, in which the sarcomeric structure does not exist. We previously reported that overexpression of *mblC*, which we identified here to be localized in the sarcomere, caused phenotypes in the eye and wing ([@b62-0060184]). Like Mbl, BSF and TBPH could also have additional roles in these tissues, possibly mediated by their RNA-binding ability. Consistently, *TBPH* silencing enhanced a rough eye phenotype caused by *mblC* overexpression. If the CTG-induced effect on *TBPH* expression observed in the muscle was mediated by Mbl, it would not be surprising that a similar interaction occurs in the developing eye, where Mbl is also present.

The localization of *Drosophila* Mbl in the sarcomeric bands suggests a new role for this protein in the cytoplasm, which would differ from its demonstrated activity as a splicing regulator ([@b39-0060184]; [@b62-0060184]). Given that Mbl, BSF and TBPH undergo important redistribution from the sarcomeric bands in the presence of CTG repeats, these proteins could contribute to the changes in the sarcomere structure described for DM1. However, further studies will be necessary to decipher the role of Mbl in the regulation of BSF and TBPH, as well as the position of BSF and TBPH in the CTG toxicity pathway. Traditionally, the Z-bands have been viewed as a passive constituent of the sarcomere, being important only for the cross-linking of thin filaments and for the transmission of force generated by myofilaments. However, recent studies have confirmed that various signaling molecules interact with sarcomeric Z-band proteins, several of which shuttle between the Z-bands and other cellular compartments, including the nucleus ([@b20-0060184]). Interestingly, mutations in a number of Z-band proteins have been shown to cause cardiomyopathies and/or muscular dystrophies ([@b28-0060184]; [@b25-0060184]; [@b43-0060184]). Our study supports the implication of the sarcomere in DM1 muscle pathology and identifies two new components of the sarcomeric structure that are affected by expanded CTG repeats.

METHODS
=======

Drosophila genetics
-------------------

All RNAi fly lines used during the screen were provided by Fly Stocks of National Institute of Genetics (NIG, Mishima, Japan), the Vienna *Drosophila* RNAi Center (VDRC, Vienna, Austria) and the Transgenic RNAi project (TRiP, Harvard, MA). The *act5C-Gal4, vg-Gal4, UAS-GFP, UAS-mitoGFP* and *y^1^w^1118^* flies were from the Bloomington *Drosophila* Stock Center (Bloomington, IN). *Mhc-Gal4* and *GMR-Gal4* are described in the literature ([@b23-0060184]). *Mhc-Gal4 UAS-GFP* was obtained from Eric Olson (UT Southwestern Medical Center, Dallas, TX), and *Df(2R)BSC154* and *TBPH^Δ23^* from Francisco Baralle (International Centre for Genetic Engineering and Biotechnology, Trieste). The following transgenic lines were generated in our laboratory: *UAS-MBNL1*, *UAS-mblC* and *UAS-mblC-GFP* ([@b22-0060184]; [@b52-0060184]), *UAS-i(CTG)480* ([@b23-0060184])*,* and *UAS-IR-mbl*. For the generation of the *UAS-IR-mbl* line, RNAi fragments against all *mbl* isoforms were designed using the web tool E-RNAi ([@b6-0060184]). The RNAi cassette, consisting of two inverted repeats of the RNAi fragment and a DNA spacer from the GFP gene, was generated by overlapping nested PCRs (*Pwo* polymerase, Roche; see [supplementary material Table S2](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009563/-/DC1)). The RNAi cassette was cloned into the *Bgl*ll site of the *pUAST* vector ([@b9-0060184]) and microinjected into *w^1118^* embryos (VANEDIS *Drosophila* injection service). The efficiency of *mbl* silencing was analyzed by qRT-PCR in flies ubiquitously expressing the *UAS-IR-mbl* transgene under the control of the *Actin5C (Act5C)-Gal4* driver. The following recombinant lines were generated during this study: *GMR-Gal4 UAS-i(CTG)480*, *vg-Gal4 UAS-i(CTG)480* and *Mhc-Gal UAS-i(CTG)480*, for expression of i(CTG)480 in the eye, wing and muscle, respectively. All flies were maintained at 25°C with standard food except for the crosses with *vg-Ga4 UAS-i(CTG)480*, which were performed at 22°C.

Reverse transcription and polymerase chain reaction
---------------------------------------------------

Total RNA from 50 females was extracted using Trizol (Sigma). Then, 2 μg of RNA was digested with DNaseI (Invitrogen) and retrotranscribed with SuperScript II (Invitrogen) using random hexanucleotides ([@b23-0060184]; [@b24-0060184]). qPCR was carried out from 10 ng (*mbl* and *tubulin 84B*), 4 ng (*TBPH*) or 0.4 ng (*Rp49*) of cDNA template with SYBR Green PCR Master Mix (Applied Biosystems), using *tubulin 84B* (*mbl*) or *Rp49* (*TBPH*) as the reference gene ([supplementary material Table S2](http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.009563/-/DC1)). Thermal cycling was performed in an ABi 7000 sequence detection system (Applied Biosystems). Three biological replicates and three technical replicates per biological sample were carried out. Expression levels were normalized relative to the reference gene using the 2^−ΔΔCt^ method.

Western blot
------------

Thirty flies per genotype were processed. Thoraxes were homogenized in lysis buffer (10 mM Tris, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 10% glycerol, 50 mM NaF, 5 mM DTT and 4 M urea, pH 7.4) plus Protease Inhibitors (Roche). After 5 minutes of centrifugation at 400 ***g***, lysates were quantified with Quant-iT Protein Assay Kit (\#Q33211, Invitrogen) and separated on 8% SDS-PAGE. After transferring to a nitrocellulose membrane (Protran \#NBA083C, Whatman), blots were blocked with 5% non-fat milk and incubated with primary anti-TBPH antibody (produced in house, amino acids 1--268; 1:3000 dilution) ([@b18-0060184]), followed by anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody (1:30,000; \#31460, Pierce). Loading control was anti-tubulin (1:3000; \#CP06, Calbiochem) followed by incubation with anti-mouse HRP-conjugated secondary antibody (1:30,000; \#31430, Pierce). Bands were detected using SuperSignal West Femto Maximum Sensitivity Substrate Kit (\#PR34095, Pierce).

Fluorescent immunohistochemical analysis
----------------------------------------

Fly thoraces from 3-day-old females were dissected and fixed in 4% paraformaldehyde (PFA) overnight at 4°C, followed by cryoprotection with 30% sucrose for 48 hours at 4°C. Thoraces were then embedded in OCT, and transversal sections (10 μm) obtained with a Leica CM 1510S cryostate. Cryosections were washed in PBS containing Triton 0.3% (PBT), blocked (PBT containing 5% donkey serum and 0.5% BSA) for 30 minutes at room temperature and incubated with the corresponding primary antibody (1:500) overnight at 4°C. Primary antibodies were sheep anti-Mbl ([@b29-0060184]), rat anti-BSF ([@b41-0060184]) and rabbit anti-TBPH ([@b18-0060184]). After washes with PBT, the tissue was incubated for 45 minutes with biotin-conjugated secondary antibodies (Sigma) at 1:200 dilution. Cryosections were then incubated with ABC solution (ABC kit, VECTASTAIN) for 30 minutes at room temperature, followed by washes and incubation with streptavidin-FITC (1:1000) (Vector) for 45 minutes. Phalloidin (Sigma) was then added at 1:1000 for 20 minutes and samples mounted in Vectashield (Vector) with 2 μg/ml DAPI. To improve detection of endogenous Mbl in the muscle, the primary antibody was preincubated with 1- to 6-hour-old embryos, which do not express the protein. For double detection of CUG-RNA foci and endogenous Mbl, sections were processed for in situ hybridization with a Cy3-double-labeled (Cy3-CAG10) probe prior to immunostaining with the anti-Mbl antibody as described ([@b29-0060184]). All confocal images were taken on a LEICA SP1.

Non-fluorescent histological analysis
-------------------------------------

For analysis of the IFMs, *Drosophila* thoraces (*n=*6 flies) were embedded in Epon for transversal, semithin sectioning (1.5 μm) following standard procedures. Images were taken at 10× and muscle area quantified by binarizing a fixed section of all images containing the IFMs (five per fly; NIH ImageJ software), considering the percentage area within this section that corresponded to muscle tissue ([@b24-0060184]). *P*-values were obtained using a two-tailed, non-paired *t*-test (α=0.05). Welch's correction was applied when variances were significantly different. For scanning electron microscopy (SEM), adult fly eyes were processed as described ([@b23-0060184]).
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